Fatty acid chain elongation is a crucial step in the biosynthesis of long chain fatty acids. An essential reaction in the elongation process is condensation of malonyl-CoA with acyl-CoA, which is catalyzed by bketoacyl-CoA synthase (KCS) in plants. We have isolated and characterized the MpFAE3 gene, one of the KCS gene family in the liverwort Marchantia polymorpha. Transgenic M. polymorpha plants overexpressing Mp-FAE3 accumulate fatty acids 18:0, 20:0, and 22:0. In these plants, the amount of 16:0 is reduced to 50z of wild type. In a heterologous assay, transgenic methylotrophic yeast expressing the MpFAE3 gene accumulates fatty acid 18:0 and generates several longer fatty acids which are not detectable in the control, accompanied by a decrease of 16:0. These observations indicate that the MpFAE3 protein is preferentially involved in the elongation of 16:0 to 18:0 and also in the subsequent steps of 18:0 to 20:0 and 20:0 to 22:0 in M. polymorpha.
In higher plants, de novo fatty acid synthesis is localized in plastids and involves intermediates bound to acyl carrier proteins (ACPs). 1) There are three soluble enzymes with strict acyl chain speciˆcities, b-ketoacyl [acyl carrier protein] synthase III (KASIII) (C2 to C4), KASI (C4 to C16), and KASII (C16 to C18). 1) The products of the plastid fatty acid synthesis are exported to microsomes and converted to acyl-coenzyme A (acyl-CoA) derivatives. 2, 3) In general, such fatty acids longer than 18 carbon atoms are synthesized in a series of biochemical reactions catalyzed by microsomal membrane-bound fatty acid elongation systems in plants. [4] [5] [6] These reaction steps generally include condensation between an acyl chain of the fatty acid and a donor malonyl-CoA, which is followed by reduction, dehydration, and a second reduction. 5) These four steps occur sequentially to extend the acyl chain by two carbon atoms. The condensation reaction, as the rate-limiting step for the acyl-chain elongation, is catalyzed by b-ketoacyl-CoA synthase (KCS) in plants. 3) Recently, several KCS genes have been cloned from higher plants, e.g., Arabidopsis thaliana, [7] [8] [9] Simmondsia chinensis (jojoba), 2) Brassica napus (rape), 10) and Limnanthes douglasii (meadowfoam). 11) In the complete genomic sequence of A. thaliana, a total of 20 potential genes for KCSs have been identiˆed, but only three of these have been characterized with respect to their substrate speciˆcities. One of these genes, FAE1, codes for a seed-speciˆc KCS, which extends the 18 and 20 carbon acyl chains to 20 and 22, respectively. 7) In Marchantia polymorpha, a KCS gene, MpFAE2, was isolated and characterized. 12) The MpFAE2 gene product has been shown to catalyze the elongation steps of 18:0 to 20:0 and possibly also of 20:0 to 22:0.
We have identiˆed another KCS gene, MpFAE3, from M. polymorpha. Here we demonstrate, through functional analyses, that the MpFAE3 KCS has distinct acyl chain length speciˆcities in the elongation of saturated fatty acids. Constructs: p35S::MpFAE3 is for overexpression in M. polymorpha, p35S::MpFAE3-dsRNA is for dsRNA-mediated gene silencing in M. polymorpha, and pPICZA::MpFAE3 for heterologous expression in the methylotrophic yeast P. pastoris. A gene-silencing construct was designed to produce dsRNA corresponding to the 5? portion (347 bp) of the MpFAE3 coding region, indicated by an inverted pair of arrows. CaMV 35S, cauli‰ower mosaic virus 35S promoter derived from pBI221; Tnos, nopaline synthase terminator derived from pBI221; CDPK intron, theˆrst intron of the calcium-dependent protein kinase gene from M. polymorpha; 29) 5? AOX, P. pastoris 5? AOX1 promoter derived from pPICZ A (Invitrogen); AOX TT, P. pastoris AOX1 terminator derived from pPICZ A (Invitrogen), B, Bam HI; E, EcoRI; EV, EcoRV.
Materials and Methods
Plant materials, transformation, and screening of transgenic plants. The male E line of M. polymorpha and the transformation procedure used in this study were described previously. 13) Structures of the constructs used in this study are given in Fig. 1 .
Screening for transgenic plants was done as previously described 12) except for PCR primers. The sequences of the primers used to detect the p35S::MpFAE3 construct were: 35S-F: 5?-ATCCTT-CGCAAGACCCTTCC-3? and FAE03-06R: 5?-AGATTGAGATGCAAGTGCGTCC-3?, for detection of the 5? portion, FAE03-03F: 5?-CTGTGGTA-CGAGCTGGCCTACACGG-3? and Nos-R: 5?-AT-CATCGCAAGACCGGCAACAG-3?, for detection of the 3? portion. Transgenic plants were deˆned as carrying the overexpression construct when DNA fragments of 478 bp and 366 bp, for the primer pairs 35S-F W FAE03-06R and FAE03-03F W Nos-R, respectively, were ampliˆed.
Similarly, the following primers were used for detection of the p35S::MpFAE3-dsRNA construct: 35S-F (see above) and CDPK intron1-02R: 5?-GGAGTTCTGCGCACACAAGACG-3?, for detection of the 5? portion, CDPK intron1-02F: 5?-CTG-GGACTGTGCAGGAGAAGTG-3? and Nos-R (as above), for detection of the 3? portion. Transgenic plants were deˆned as carrying the gene-silencing construct when DNA fragments of 483 bp and 529 bp, for the primer pairs 35S-F W CDPK intron1-02R and CDPK intron1-02F W Nos-R, respectively, were ampliˆed.
Preparation of nucleic acids from M. polymorpha thalli and fatty acid analysis. Procedures for isolation of genomic DNA, total RNA, and poly(A) ＋ RNA and analysis of fatty acid composition are described elsewhere. 12) Identiˆcation of the MpFAE3 gene and cDNA. Genomic clones containing the MpFAE3 gene were isolated from the male PAC library 14) by a PCR assay with pooled PAC DNA 15, 16) Sequence and phylogenic analysis. Mutiple sequence alignments were generated using the CLUSTAL W program. 17) Transmembrane regions were predicted by the TMpred algorithm. 18) Phylogenic analysis of deduced amino acid alignments was done using the neighbor-joining method 19) with the CLUSTAL W program. Bootstrap analysis with 1,000 replicates was used to assess the strength of nodes in the tree. 20) Southern and northern blot analyses. The Southern and northern blot procedures used in this study were described previously. 12) For detection of the MpFAE3 gene, its coding region was ampliˆed by PCR with the primers FAE03-13F 5?-AT-GGATCCGCGACATTGATCGGCGTCGAC-3? and FAE03-14R 5?-TTGGATCCGATGACGAC-GAAGCCAGGAC-3?, using a PAC clone, pMM23-66H10, as a template. 12) The PCR product was then labeled with [a-32 P]dCTP as a template by the MegaPrime DNA Labelling System (Amersham) and used as a probe.
Expression in Pichia pastoris. The coding region of the MpFAE3 cDNA was placed under the control of the methanol-inducible promoter, AOX1, of the methylotrophic yeast P. pastoris in an expression vector, pPICZ A (Invitrogen) (Fig. 1 ). The plasmids pPICZ A-MpFAE3 and pPICZ A were introduced into P. pastoris strain PPY1 using the Pichia EasyComp kit (Invitrogen). For expression of the MpFAE3 gene, transformed cells were grown to an optical density (600 nm) of 0.5 in minimum medium containing 1.0z glycerol as an exclusive carbon source. The cultures were inoculated into minimum medium containing 0.5z methanol and grown for three days to saturation.
Fatty acid analysis. Fatty acid composition was analyzed by gas chromatography and gas chromatography-mass spectrometry as described in our previous report. 12) 
Results

Isolation of a liverwort KCS gene homologue, Mp-FAE3
A conserved portion of the MpFAE3 gene was isolated together with another KCS gene, Mp-FAE2, 12) by degenerate PCR. In order to identify the full coding sequence of the MpFAE3 gene, 5?-and 3?-RACEs were done. The total length of the cDNA without poly(A) ＋ for the MpFAE3 gene is 2,794 bp (data not shown). The sequence of the MpFAE3 cDNA contains an open reading frame (ORF) of 529 amino acid residues. It shows overall structural similarity to KCSs in other plants (Fig. 2) . To identify the gene for the MpFAE3 cDNA, clone pMM23-66H10, which was shown to harbor both the Mp-FAE3 and MpFAE2 genes 12) was examined.
An approximately 10-kb region containing the Mp-FAE3 gene was sequenced by primer walking using pMM23-66H10 as a template. The genomic sequence of this gene is identical to the corresponding cDNA sequence, indicating that the gene does not have introns in the coding region, similar to most of the other KCS genes that have been studied, including MpFAE2. 7-9,12) The 5? and 3? ‰anking regions of the MpFAE3 and MpFAE2 genes were sequenced for approximately 4 kb each but showed no mutual overlap, indicating that the genes are separated by at least 8 kb but no more than 115 kb, which is the insert size of pMM23-66H10, in the genome.
In order to examine the copy number of the gene, total DNA of M. polymorpha was digested with restriction enzymes and probed with DNA fragments containing the coding region of the MpFAE3 gene ( Fig. 3 ). Only one hybridization signal was observed for the BamHI digest, for which no recognition site occurs within the coding region (lane 1 in Fig. 3 ), and two signals were seen for EcoRV, which has one recognition site in the coding region (lane 2 in Fig. 3 ). This result suggests that the MpFAE3 gene is present as a single-copy gene.
Characterization of the predicted MpFAE3 protein
The predicted amino acid sequence of the Mp-FAE3 gene product was compared with those of six other KCSs the function of which has been investigated and also with another liverwort putative KCS, MpFAE1 (accession number AY308831; in Fig. 2 ). The MpFAE3 deduced amino acid sequence showed up to 70.0z to the other KCS sequences. Using PSORT-II, 21) the MpFAE3 putative protein was predicted to be localized in the endoplasmic reticulum, with a probability of 44.4z. No localization signals for plastids or mitochondria were detected by iPSORT 22) and Target P. 23) This is consistent with the observation that an elongase activity is present as a membrane-bound complex in the microsomal fraction of the cell. 4, 6) Two hydrophobic and possibly transmembrane domains in the N-terminal regions 8) (boxed in Fig. 2 ) as well as the cysteine residue that is the reaction center 2,24) (indicated by a triangle in Fig. 2) , were found to be conserved in the MpFAE3 gene product. Therefore, the function of the Mp-FAE3 gene product is likely to be a b-ketoacyl CoA synthase in fatty acid elongation reactions.
Transgenic M. polymorpha plants carrying constructs for overexpression and gene silencing of the MpFAE3 gene
Transgenic M. polymorpha plants were obtained in order to characterize the in vivo activities of the MpFAE3 gene product. For overexpression, the open reading frame (ORF) of the MpFAE3 gene was placed under the control of the CaMV 35S promoter in the sense orientation ( Fig. 1, p35S ::MpFAE3). For gene silencing, a construct capable of generating a double-stranded RNA (dsRNA) was prepared and placed under the control of the CaMV 35S promoter ( Fig. 1, p35S ::MpFAE3-dsRNA). These constructs were introduced into thalli of M. polymorpha together with plasmid pMT carrying the hygromycin phosphotransferase gene. 13) Ten plants carrying the p35S::MpFAE3 construct, and nine plants carrying the p35S::MpFAE3-dsRNA construct were obtained.
Five out of the 10 transgenic plants for overexpression were demonstrated to have arisen from independent events of genomic insertion by Southern blot analysis (lanes 1 to 5, Fig. 4A ). The wild type carries one endogenous gene represented by a 6.3-kb EcoRI restriction fragment (lane WT, Fig. 4A ). In all thê ve transgenic plants, more than one signals were detected in addition to the endogenous 6.3-kb signal, which is due to multiple genomic insertions caused by particle bombardment (lanes 1 to 5, Fig. 4A ). Thê ve transgenic plants were shown to have a 1.9-kb transcript from the construct (lanes 1 to 5, Fig. 4B ), in addition to the 2.8-kb transcripts from the endogenous gene (lane WT, Fig. 4B ).
The transcript level of the MpFAE3 gene was unchanged in all the nine plants with the p35S::MpFAE3-dsRNA (data not shown). Total DNA isolated from M. polymorpha thalli was digested with Bam HI and EcoRV, lanes 1 and 2, respectively, and probed with a 32 P-labeled DNA fragment containing the coding sequence of the MpFAE3 gene. Sizes of detected fragments are given on the left. 5) were hybridized with the same probe used in Fig. 3 . Size of the restriction fragment containing the endogenous gene is given on the left. B, Total RNAs from wild type (lane WT) andˆve transgenic plants (lanes 1 to 5) were hybridized with the MpFAE3 probe used in A. Size of the MpFAE3 transcript is given on the left. Ethidium bromide-stained rRNA signals of the corresponding lanes are given as a loading control below the autoradiograms. 
Fatty acid analysis of transgenic plants overexpressing the MpFAE3 gene
To elucidate the function of the MpFAE3 gene, the fatty acid contents of the transgenic plants overexpressing the MpFAE3 gene were examined by gas chromatography. All of the transgenic plants had distinct changes in their fatty acid compositions (Table 1) , although no obvious morphological changes were observed in the transgenic plants. The most striking change was a large accumulation of 18:0 (stearic acid), which is almost undetectable in wild-type thallus ( Table 1) . Several other longer fatty acids such as 20:0 (arachidic acid) and 22:0 (behenic acid) also showed strongly increased accumulations. In addition, up to twice as much 18:2n-6 (linoleic acid) was observed in the transgenic plants (Table 1 ). In contrast, the amount of 16:0 (palmitic acid) in the MpFAE3-overexpressing plants was reduced to approximately 50z of that of wild type (Table 1) gene product is theˆrst KCS identiˆed to predominantly catalyze this reaction. None of the nine transgenic plants carrying the p35S::MpFAE3-dsRNA construct showed altered fatty acid compositions (data not shown). This is consistent with the observation that the transcript level for the endogenous MpFAE3 gene was unchanged in these plants.
Heterologous expression of the MpFAE3 in P. pastoris
In order to further deˆne its role in fatty acid elongation, the MpFAE3 gene was expressed in the methylotrophic yeast P. pastoris. Cells expressing the MpFAE3 genes showed accumulation of fatty acids 20:0, 22:0, and 24:0, in addition to 18:0 ( Table 2 ). The amount of 16:0 was reduced to 34z of cells carrying only the vector ( Table 2 ). These observations are consistent with the results obtained for transgenic M. polymorpha plants, although the amount of 24:0 was not aŠected in the transgenic plants. Unexpectedly, in cells expressing the MpFAE3 gene, 20:1 was accumulated while the amount of 16:1 was reduced ( Table 2 ), suggesting that the MpFAE3 gene product is capable of accepting monounsaturated fatty acid as substrates.
Discussion
Transgenic M. polymorpha plants overexpressing the MpFAE3 gene showed accumulation of fatty acids 18:0, 20:0, and 22:0 accompanied by a reduction of 16:0. This result indicates that not only the 16:0 fatty acids but also the 18:0 and 20:0 fatty acids are substrates for the enzyme encoded by the Mp-FAE3 gene, which is supported by the results of the heterologous expression analysis using the methylotrophic yeast P. pastoris. Furthermore, the conversion of 16:0 to 18:0 appears to be the rate-limiting step of the long chain fatty acid synthesis in M. polymorpha, suggesting that the MpFAE3 gene product is the major supplier of 18:0 for the production of long-chain fatty acids. This MpFAE3 KCS is theˆrst KCS, in plants described to date, which shows a distinct substrate preference towards 16:0.
In higher plants, a soluble enzyme, b-ketoacyl [acyl carrier protein] synthase II (KASII), is known to catalyze the elongation of 16:0 to 18:0 and be localized in plastids, but such an enzyme has not been reported in M. polymorpha. Nevertheless, the predicted amino acid sequences of the KASII genes from A. thaliana, B. napus, and Escherichia coli are highly conseved. 1) Moreover, two M. polymorpha ESTs, M01-084 and F01-080, tag a gene highly similar to a KASII gene, 25, 26) strongly suggesting that a KASII enzyme is present and also catalyzes the elongation of 16:0 to 18:0 in M. polymorpha. In contrast to the MpFAE2 gene silencing, 12) we did not recover plants with reduced expression of the Mp-FAE3 gene. This may be explained by the importance of the MpFAE3 gene in the production of 18:0, which is the major precursor of all long-chain fatty acids, and a reduced activity of MpFAE3 may cause severe growth deˆciency. However, the contributions of the two enzymes, MpFAE3 KCS in microsome and putative KASII in plastids, in the elongation of 16:0 to 18:0 in M. polymorpha have yet to be investigated.
Other KCS genes, MpFAE1 (Yamaoka et al., unpublished results) and MpFAE2 12) have been isolated, raising the number of KCS genes present in M. polymorpha to be at least three. The fatty acid composition and morphology were not aŠected by the overexpression of MpFAE1 in M. polymorpha (Yamaoka et al., unpublished results). Overexpression of none of the three M. polymorpha KCS genes in‰uenced the amount of fatty acid 24:0, implying that the fatty acid chain elongation from 22:0 to 24:0 is tightly regulated in M. polymorpha, although the heterologous expression analysis demonstrated that the Mp-FAE3 gene product can mediate the elongation of 22:0 to 24:0. The regulatory mechanism in the elongation of 22:0 to 24:0 in M. polymorpha has yet to be investigated.
The alteration of fatty acid composition in transgenic M. polymorpha plants can be generally explained as a result of reduction of the substrates and accumulation of the products by overexpression of the MpFAE3 gene. However, the slight reduction of 18:3n-3 cannot be explained simply by the availability of its precursors, and thus requires further investigation of regulation of the fatty acid biosynthesis in M. polymorpha. The reduction of fatty acid 16:1 and accumulation of fatty acid 20:1 in the transgenic methylotrophic yeast suggests that the MpFAE3 gene product is also involved in the elongation of C16 and C18 monounsaturated fatty acids. However, such monounsaturated fatty acids are not prominent in M. polymorpha, which explains the observation that 18:1 and 20:1 were not detected in the transgenic M. polymorpha plants.
Concerning the evolutionary origin of the M. polymorpha KCS genes, it is noteworthy that MpFAE3 and another KCS gene, MpFAE2, are located within the same genomic region (less than approximately 115 kb) and that the similarity in amino acid sequence between these two genes is much higher than to any other KCS genes (Fig. 5 ). Thus, the two genes have most likely arisen by duplication of an ancestral gene and subsequently diverged until they now catalyze related yet distinct elongation reactions. Similarly, all of the many KCS genes found in higher plants (20 in A. thaliana) have presumably evolved by duplication and subsequent functional diversiˆcation to acquire a wide variety of functions. Higher plants such as A. thaliana have probably developed a large KCS gene family not only for the redundancy in the long chain fatty acid synthesis pathways but also for protection against water loss, UV irradiation, and infection by pathogens. In A. thaliana, CUT1 and KCS1 aŠect wax biosynthesis on the aerial surfaces, 8, 9) FIDDLEHEAD prevents the surfaces from fusing together, 27) and HIC is required for the proper distribution of stomata on the surfaces. 28) Phylogenic analysis indicates that MpFAE3 and the other M. polymorpha KCSs are close to A. thaliana FAE1, S. chinensis KCS, and L. douglasii KCS, which are involved in the C16 to C24 saturated and monounsaturated fatty acid elongation. In contrast, the other A. thaliana KCSs, KCS1, CUT1, FIDDLEHEAD, and HIC, form a distinct phyrogenetic group. These A. thaliana KCSs are presumably involved in the longer chain fatty acid elongation and related to aerial surface morphology (Fig. 5 ). Only three KCS genes have been isolated in M. polymorpha, implying that KCS genes functioning in the aerial surface morphology have not developed in M. polymorpha. The very long chain fatty acids over C24, which are substrates for cuticular wax, are not detectable in the M. polymorpha plant (data not shown). M. polymorpha grows in mild wet land, so that a tough wax layer might not be required to protect the aerial surface from desiccation.
